As regulatory initiatives increasingly call for an understanding of the cumulative risks from chemical mixtures, evaluating exposure data from large biomonitoring programs, which may inform these cumulative risk assessments, will improve the understanding of occurrence and patterns of coexposures. Here we have analyzed the urinary metabolite data for six phthalates (di-butyl phthalate; di-isobutyl phthalate; butyl-benzyl phthalate; bis(2-ethylhexyl) phthalate; di-isononyl phthalate; and di-isodecyl phthalate) in the 2007/2008 National Health and Nutrition Examination Survey (NHANES) data set. For the total data set (N ¼ 2604), the co-occurrence of multiple phthalates at the upper percentile of exposure was infrequent. There were no individuals in the NHANES sample who were exposed to 495th percentiles for all six phthalates. For 75% of individuals, none of the six phthalates were above the 95th percentile of their respective exposure distributions. These data suggest that high exposure to multiple phthalates is infrequent in the NHANES population. This analysis solely focused on the pattern of contribution of individual phthalates to total exposure. It did not address the pattern of contribution to potential risk. The approach presented could potentially be used to provide insight into understanding the coexposure patterns for other chemicals.
INTRODUCTION
As an integral component of the risk assessment process, exposure assessment is typically conducted from the perspective of the single chemical using conservative exposure levels (i.e. it is intentionally designed to represent relatively higher exposure). For example, typically the ''reasonable maximum exposure'' (RME) is used as ''the highest exposure that could reasonably be expected to occur for a given exposure pathway at a site''. 1, 2 In fact, the Environmental Protection Agency (EPA) 3 advised that the RME from the upper end of the range of risk estimates should be used for probabilistic risk assessment, which typically forms the basis of EPA decision-making. In practice, the 95th percentile value is commonly used for the RME for a single chemical assessment. Assessment science is still emerging for coexposure. 4, 5 An improved understanding on how the upper percentile value for a single chemical exposure distribution contributes to the coexposure patterns when multiple chemicals are examined can be very useful.
Increased interest has been placed on cumulative risk assessment or the estimate of risk from exposure to multiple chemicals (chemical coexposures). 4, [6] [7] [8] [9] Cumulative risk assessment presents a challenge, because limited information is available on patterns of chemical coexposures. For example, if considering two substances, coexposure may be unrelated (independent), positively correlated (higher exposure to one predicts higher exposure to the other), or negatively correlated (higher exposure to one predicts lower exposure to the other). Exposure modeling tools, typically designed for single chemical assessments, require additional information to understand how coexposure estimates should be developed.
The understanding of chemical exposures has been greatly enhanced by the availability of general population-based human biomonitoring data since these data allow for the determination of the internal dose and external exposures from resulting measurements of chemicals, their metabolites, or reaction products in biologic media (e.g. urine or blood). Biomonitoring data represent an integrated measure of exposure from multiple sources and routes, and can be used to assess total exposure to the measured substances. When biomonitoring studies are designed such that multiple biomarkers are quantified in individual samples, the results can also be used to provide insights to understanding patterns of coexposures to multiple chemicals. One such category of chemicals that has been examined in biomonitoring programs is the phthalate esters chemical family.
Phthalates, which are dialkyl or alkyl aryl esters of phthalic acid, are used in a wide variety of applications including cosmetics, consumer products including personal-care products, pharmaceuticals, medical devices, children's toys, food packaging, cleaning, and building materials. 10 Because of their physical/chemical properties, the end-use patterns for various phthalates can be quite different. For example, the high-molecular-weight phthalates (di-isononyl phthalate, (DINP) and di-isodecyl phthalate (DIDP)) are commonly used as plasticizers in PVC polymers and plastisol applications (e.g. building materials like flooring, wire and cabling, car interior), whereas the low-molecular-weight phthalates (di-butyl phthalate (DBP), di-isobutyl phthalate (DiBP), butyl-benzyl phthalate (BBP), and bis(2-ethylhexyl) phthalate (DEHP)) are used in non-PVC applications (e.g. personal-care products, paints) 11 (Supplementary Table 1 ). Regardless of the differences in end-use patterns, it is recognized that there is ubiquitous exposure to phthalates because of their identification in multiple human biomonitoring programs. However, what has not yet been investigated from the data these programs have generated is an understanding of the coexposure patterns present within the sample populations and how this information could be interpreted when assessing the overall exposure burden for these classes of substance. The National Health and Nutrition Examination Survey (NHANES) data set provides results of multiple phthalate metabolites by individual, and thus can provide insight into patterns of phthalate coexposure. Here, we have analyzed the urinary metabolite data for six phthalates commonly used in consumer products (DBP, DiBP, BBP, DEHP, DINP, and DIPP) from the 2007/2008 NHANES data set to better understand phthalate coexposure patterns within various demographics represented in the data.
METHODS

Data Source
Urinary phthalate metabolite data were obtained from the NHANES 2007/ 2008 data set. NHANES is a cross-sectional survey designed to monitor the health and nutritional status of the civilian non-institutionalized US population (http://www.cdc.gov/nchs/nhanes.htm). The survey collects data through interviews, standardized physical examinations, and laboratory tests using blood and urine specimens provided by participants.
Six phthalates were chosen in this analysis from the NHANES 2007/2008 data set owing to their use in wide range of consumer products in the United States (Supplementary Table 1 ). The data for 10 urinary phthalate metabolites of the six phthalates that represent the majority of the market share were retrieved: mono-n-butyl phthalate for DBP, mono-isobutyl phthalate for DiBP, monobenzyl phthalate for BBP, mono(2-ethylhexyl) phthalate, mono(2-ethyl-5-hydroxyhexyl) phthalate, mono(2-ethyl-5-oxohexyl) phthalate, and mono(2-ethyl-5-carboxypentyl) phthalate for DEHP, mono-isononyl phthalate and mono-carboxyisooctyl phthalate for DINP, and mono-carboxyisooctyl phthalate for DIDP.
Estimating Daily Intake
Intake estimates of phthalate esters were calculated from their creatinine corrected spot urinary metabolite levels using Eq. (1). 12, 13 As described in the NHANES protocol, in instances where sample concentrations were below the limit of detection (LOD) (i.e. non-detects), the value was replaced by the LOD divided by the square root of 2:
DI is daily intake (mg/kg/day), UC is the creatinine corrected urinary metabolite concentration (mg/g), CE is the creatinine excretion rate (mg/kg/day) for adults 14 and children 15 and is used to account for differences in urine dilution, 16 and F UE is the fractional urinary excretion rate of the metabolite (unitless). MW d and MW m are the molecular weights of parent phthalate and the metabolite, respectively (values can be found in Table 1 ). In instances where multiple metabolites are examined (e.g. DEHP), the estimated daily intake is calculated as
where i is the ith metabolite of a phthalate, j is the number of metabolites for a phthalate, and F UEi is the fractional urinary excretion rate of the ith phthalate metabolite (unitless).
Percentile/Percentile Rank Exposure distributions were also developed for the daily intake dose of each individual phthalate in the NHANES 2007/2008 data set. Each daily intake value in the exposure distribution can be characterized by a percentile rank. The percentile rank is the percentage (e.g. 95) of data points that falls at or below a certain value. The percentile, in contrast, is the smallest value of a variable (e.g. concentration), with the property that n% of the data values are less than or equal to it. The daily intake doses and relevant percentile ranks for each of the six phthalates calculated were included in the Supplementary Material (Supplementary Data set).
Study Population
We analyzed the coexposure patterns of the six phthalates for the sample population, and also the subsets of the sample population stratified by age (pre-reproductive: 6-11; reproductive: 12-40; and post-reproductive: 40 þ ), gender (female and male), and ethnicity (White, Hispanic, Black) as these factors have been indicated to have potential influence on phthalate exposure levels. 17 
Statistical Analysis
The NHANES sample is selected through a complex, multistage process, including oversampling of ethnic minorities and young children, and provided with sampling weight. The sample weight takes into account unequal probabilities of selection resulting from the complex sample design, non-response, and non-coverage, and thus can generate results representative for the US general population. In this analysis, the weighting Value used was reported data for DINP as described by Kransler et al. 21 was applied in developing the exposure distribution of the six phthalate esters on both the sample and subsample (age 6-11 years, female and male) using SAS software version 9.3 (SAS Institute, Cary, NC, USA) and SUDAAN software version 11.0 (RTI, Research Triangle Park, NC, USA). The percentile was calculated using the SAS PROC SURVEYMEANS procedure.
RESULTS
The complete 2007/2008 NHANES data set, which contains phthalate metabolite data for 2604 individuals, was used for this analysis. The sample consisted of 1294 males and 1310 females aged 6 years or older, of whom 41% (n ¼ 1077) were non-Hispanic White, 32% (n ¼ 833) were Hispanic, 23% (n ¼ 597) were nonHispanic black, and 4% (n ¼ 97) were other race including multiple races ( Table 2 ). The number of individuals with phthalate metabolite below its LOD was listed (Table 1) . Daily intake percentiles of the six phthalates for the US population from the NHANES 2007/2008 data set are provided ( Table 3 ). The focus of this analysis, however, is on patterns of coexposure rather than on absolute values. The relative contribution of each phthalate to the summed total exposure of each sampled individual is presented for both the midpoints (Figure 1a ) and the upper percentiles (Figure 1b) of the summed exposure. At the 50th percentile, it can be seen that multiple phthalates contribute to the overall exposure, whereas at the 499th percentile exposure (used as an example of upper percentile exposure) is typically dominated by a single phthalate.
The coexposure patterns of the six phthalates were further explored using the percentile values of each individual phthalate exposure distribution (Figure 2 ). For the total data set (N ¼ 2604), the co-occurrence of multiple phthalates, each being at the upper percentile of exposure for that specific phthalate, was infrequent (Figure 2a ). There were no individuals who were 495th percentile distribution for all six phthalates examined. In only three individuals (0.12%), five phthalates fell above the 95th percentiles. For 75% of individuals, none of the six phthalates were above the 95th percentile of their respective exposure distributions. The number of phthalates above a given percentile is more evenly distributed for lower exposure percentiles (Figures 2b-d) . For example, 17% of individuals had all six phthalates above the 50th percentile, and 12% of individuals had none of the six phthalate above the 50th percentile (Figure 2d) .
A scatter plot was also created to illustrate the extent to which the coexposure patterns of the six phthalates vary with the level of total phthalate exposure ( Figure 3 ). For each individual sampled, the total phthalate exposure was calculated as the sum of the exposure for each of the six phthalates and the total percentile rank was calculated as the sum of the percentile rank of each phthalate. The rank of the total exposure was plotted against the rank of the total exposure percentiles for each individual, demonstrating that the scatter is greatest at the higher levels of total exposure (Figure 3 ). This indicates that the highest phthalate total exposures occur through a variety of coexposure patterns, and are not necessarily dominated by the contribution of the upper percentiles of the exposure distributions for each individual phthalate.
A cumulative distribution of the averaged exposure percentile ranks across the six phthalates was developed to explore what percentile rank of the individual phthalate exposure distributions, on average, would provide a summed coexposure estimate related to various percentile ranks of the population based upon the NHANES data set (Figure 4) . Results indicate that 95% of individuals have total exposures that fall below an averaged percentile of 82%.
Similar coexposure patterns were also observed in the subsample populations: age 6-11 years ( Figure 5 ), female-all age or male-all age from the weighted analysis described above (Supplementary Figure 1) . In addition, we conducted unweighted analysis (without applying sample weight) for subpopulations stratified by age (6-11, 12-40, and 41 þ years), gender (female), and ethnicities (White, Hispanic, and Black), and also observed similar coexposure patterns (Supplementary Figure 2) .
DISCUSSION
Assessment of coexposures is not currently well established as a risk assessment approach and presents unique challenges. Exposure models typically predict exposure to individual substances. Predicting coexposures requires integrated knowledge of multiple exposure sources for multiple substances and the likelihood of contact with these sources. For example, information important to consider includes: (1) use patterns of individual products and how product use may be correlated, that is to say if an individual used product A are they more or less likely to use product B, (2) functionality of product ingredients in formulated products (if two ingredients have the same function, are they likely to be used together or do they preclude each other's use), and (3) human behaviors that affect couse or exposure patterns (direct product use and/or indirect contact with substances in environmental media). Therefore, an analysis on coexposure pattern could be more informative than using the high end of exposure values for single substances as conservative estimates. Given the increasing complexity in assessing coexposures as compared with a single exposure, it is important to develop approaches that can help reduce uncertainty in the coexposure estimate. RMEs are typically used for conservative estimates of a single substance, but understanding of how to develop a reasonable maximum coexposure estimate is limited. The work here explores how biomonitoring data can be used to develop a realistic estimate of coexposures.
When biomonitoring data are available for multiple substances for a given individual, these data provide a direct approach for evaluating patterns of coexposure without the need to address the considerations previously mentioned. There exist a few largescale surveys that include biomonitoring data for multiple phthalates, such as NHANES (http://www.cdc.gov/nchs/nhanes. htm), DEMOCOPHES in the European Union (http://www. eu-hbm.info/democophes), and Canadian health measures survey in Canada (http://www.hc-sc.gc.ca/ewh-semt/contaminants/humanhumaine/chms-ecms-eng.php).
The NHANES data set, which includes data for multiple phthalates for given individuals, provides useful insights to coexposure patterns. The analysis on the six phthalates indicates that higher total exposures tended to be dominated by one phthalate. Coexposure to multiple phthalates at levels greater than the 95th percentile of individual phthalate exposure distributions did not frequently occur. Similar observations have been made for pesticides, which demonstrate that the probability of being jointly exposed to high values for all pesticides is very low, 18, 19 and co-occurrence is not random. 20 Similar analyses would be needed to see if the NHANES coexposure patterns are typical of other data sets. The NHANES data set is likely a good source of this information, as the data are designed to be representative of the US population and are consistent with other study data human biomonitoring data on phthalates. [21] [22] [23] [24] [25] However, the NHANES survey does not provide information on the sources of phthalate exposure in the sample population or product use patterns, which limits its use Figure 1 . Percent contribution of individual phthalates to the sum-total exposure for individuals at the 50th and greater than the 99th percentile The relative percent contributions of the six individual phthalates examined are presented for (a) individuals at the 50th percentile total exposure point and (b) individuals 499th percentile point on the sum-total estimated daily intake exposure distribution curve. At the 50th percentile, an individual's phthalate intake does not appear to be predominately the result of one phthalate. Conversely, individuals with the highest sum-total phthalate intake typically have one phthalate that contributes to a majority of the exposure.
in linking the phthalate human exposure to their sources. In the future, collecting additional contextual information in conjunction with biomonitoring samples, such as behavioral information (product use, dietary intake, activity patterns) and maintaining this in a way that enables a more direct linkage with the exposure estimates could further enhance the utility of biomonitoring information. This could help in identifying key factors affecting the exposure and coexposure patterns of different substances, which could in turn enhance exposure prediction capabilities. Scatter plot illustrating the greatest coexposure patterns at the highest total phthalate exposure. For each individual, the total exposure was calculated as the sum of exposure for each of the six phthalates and the total percentile rank was calculated as the sum of the percentile rank of each phthalate. The rank of the total exposure was plotted against the rank of the total percentile rank for each individual, demonstrating that the scatter is greatest at the upper percentile. For coexposures, assessment science is still emerging. RME and central-tendency exposure are typically calculated for single chemical exposure risk assessment. EPA 3 advises that the RME at upper end of the range of risk estimates (generally between the 90th and 99.9th percentiles) should be selected in a probabilistic risk assessment for a single compound risk assessment. ECHA's guidance 26 on occupational exposure estimation recommends that the 90th percentile of an exposure distribution should be considered for the reasonable worst case as a general rule. For acute occupational exposure whose effects are transient and not severe, a higher percentile (e.g. 95th percentile) can be suggested as the reasonable worst case exposure estimator. Our analysis on NHANES phthalate data indicates that few individuals were exposed to multiple phthalates at 95th percentiles or greater, suggesting that the choice of 95th percentile value commonly used in single chemical risk assessment may be overly conservative for developing a realistic estimate of phthalate coexposure. For the data set evaluated, 95% of individuals had total exposure, with the averaged percentile rank at about 80 ( Figure 4) . However, caution must also be taken when applying this finding generally to other chemicals. The results will vary by chemicals and chemical sources. The use of biomonitoring data to determine coexposure patterns is of general applicability, but factors such as variation in use profiles, physical/chemical properties, and metabolic pathways can all contribute to coexposure patterns of specific chemicals. The analysis here is specific for phthalates. Similar analyses could be conducted to examine coexposure patterns for other chemicals.
Studies have shown that some subpopulations such as children, women, or non-Hispanic blacks usually had higher phthalate exposures than adolescents and adults, male, or Mexican Americans and non-Hispanic whites. 17, 23, 24 While absolute values may differ, the analysis of this study demonstrated similar coexposure patterns for the six phthalates in the NHANES 2007/ 2008 total sample and subsample stratified by age, gender, and ethnicities ( Figure 5 and Supplementary Figures 1 and 2) .
CONCLUSION
So far, there is no simple approach that has been recommended to characterize coexposure patterns for multiple chemicals. This analysis identified that the NHANES data set can be a useful information source for an improved understanding of coexposures. Patterns of coexposure vary, suggesting that biomonitoring data when available provide the best assessment of coexposure. The approach used in this analysis on coexposure patterns of the six phthalates can be extended to other chemicals as well.
This analysis focused solely on exposure patterns of these six phthalates. Patterns for contribution to coexposures are not equivalent to patterns of contribution to potential risk. An estimate of the potential risk from the phthalate coexposure would depend on the relative risk contribution from the individual phthalate, which was not addressed in this analysis.
The key to our analysis was the calculation of intake estimates from spot-urine samples represented in the 2007/2008 data set. However, given that spot-urine samples represent only a single moment in time, intake estimates are inherently variable, especially for phthalates for which dietary exposure is considered the likely route. Because the NHANES protocol for the 2007/2008 data set required participants in the morning session to begin a fast at 2300 hours the previous night, and participants in the afternoon and evening sessions to not fast, our intake estimates may be overestimated if it is assumed fasting time is an appropriate surrogate for time since last exposure. 27 Subsequently, the impact of spot-urine sampling methodology on intake estimates from phthalate exposures that are not predominately dietary is not fully understood.
For the total data set (N ¼ 2604), the co-occurrence of multiple phthalates at the upper percentile of exposure was infrequent. There are no cases where all phthalates examined had exposure values 495th percentile of each individual phthalates' exposure distribution. In only three individuals (0.12%), five phthalates fell above the 95th percentiles. For 75% of individuals, none of the six phthalates were above the 95th percentile of their respective exposure distributions. Coexposure patterns were similar regardless of subpopulations stratified by age, gender, and race. For the phthalates identified in this analysis, upper percentiles of total exposure tended to be dominated by a single ester, whereas exposures around the median of total exposure showed greater relative contribution of multiple substances. Figure 5 . Percentage of children (6-11 years old) with the number of phthalates above a given percentile in the exposure sample distribution. Exposure distributions were calculated for each of the six phthalates examined for the study sample. The data were then tabulated to show the percentage of individuals within the study sample that had an estimated phthalate exposure greater than the given percentile of the exposure sample distribution.
